We demonstrate experimentally the transmission of single carrier 56 Gbaud 16-QAM, 8-QAM and QPSK optically modulated signals over 320, 960 and 2,880 km, respectively, using a fully packaged InP IQ modulator and a Stokes vector direct detection (SV-DD) receiver realized using discrete optics. Results show that by optimizing the carrierto-signal-power ratio, the total throughput-times-distance product for 16 QAM and QPSK are 71,680 Gbps.km and 322,560 Gbps.km, respectively, at bit error rate (BER) below the hard decision forward error correcting threshold (HD-FEC) of 4.5 × 10 −3 .
Introduction
Data center interconnects (DCIs) are growing significantly due to the massive increase in data services such as cloud computing, social media and virtualization. This growth is driving the demand for faster, compact and cost-effective optics for DCI traffic in metro applications [1] . Amongst the various solutions, coherent transmission deploying dual-polarization IQ modulators (DP-IQM) and coherent receivers is used for 100G signal transmission with QPSK modulation format in long haul applications. Coherent systems are also used for 200G signal transmission with the 16-QAM modulation format for metro applications. These applications have been recently standardized [2, 3] . Metro applications for distances less than 1000 km, found in inter-datacenter interconnects, represent intermediate systems between long haul applications and short reach applications. The transceiver design for metro networks is utmost challenging because of the need of capacity-reach, footprint and cost [1] .
Nowadays, there is a growing interest in finding alternative solutions for short reach and metro applications using Stokes vector modulation and detection [4] [5] [6] [7] [8] [9] [10] [11] rather than unidimensional intensity modulation/ direct detection (IM/DD) system or complex coherent system. Although the concept of a Stokes vector receiver (SVR) has been described in the 1990s [12, 13] , SVR systems with advanced modulation formats have only been demonstrated recently. For instance, 100 Gbps per wavelength over 480 km for metro applications was demonstrated in [10] using a complex IQ modulation on the X polarization and transmitting the carrier on the orthogonal polarization. This modulation scheme presents a hybrid solution between coherent and direct detect systems.
The Stokes vector direct detection (SV-DD) system and single polarization coherent system have a simpler transmitter when compared to that of the dual polarization coherent system. Since only one polarization is modulated, the transmitter in SV-DD requires half the number of the electronic and electro-optic devices including the number of digital-to-analog converters (DACs), amplifiers, Mach-Zehnder modulators compared to the dual polarization coherent system transmitter. This is at the expense of halving the spectral efficiency that can be achieved by the dual polarization coherent system. On the other hand, the SVR, which has several configurations shown in [9] , has simpler receiver compared to the single polarization coherent system. The common feature in SVR configurations compared to coherent systems is that SVR does not employ a local oscillator (LO) laser with its associated thermoelectric cooler (TEC) and driving circuitry. The deployed SVR in this demonstration comprises a 2 × 4 hybrid, two balanced photodetectors (BPDs) and two single-ended photodetectors (SE-PDs) instead of two 2 × 4 hybrids and 4 BPDs in coherent detection. It is worth noting that the single polarization and the dual polarization coherent receivers share the same configuration to avoid the deployment of a polarization stabilizer in single polarization coherent receiver [14] . Moreover, SV-DD systems require less complex digital signal processing (DSP) at the receiver compared to a coherent system since there is no frequency offset removal, laser phase noise mitigation or cycle slip detection.
In parallel to the interests in SV-DD systems, researchers, designers, and manufacturers use photonic integrated devices fabricated on various platforms such as silicon (Si) [15] or indium phosphide (InP) [16] to supply the demand for DCI applications. SV-DD systems have been demonstrated using Si photonics modulators in [6, 7] and using Si photonics IQ modulator (IQM) and Si photonics SVR in [11] .
In this paper, we demonstrate, using an InP IQM, a record-breaking single carrier transmission using a SV-DD system at symbol rate of 56 Gbaud with QPSK, 8-QAM and 16-QAM modulation formats corresponding to payload rates of 100G, 150G and 200G, respectively. The system operates below the 7% overhead BCH hard-decision forward error correction (HD-FEC) threshold of 4.5 × 10 −3 [17] over distances of 2880, 960 and 320 km, respectively. These modulation schemes enable 100G transmissions and 200G transmissions for long haul and metro applications after removal of the FEC and encapsulation overhead. To achieve this result, we optimize the carrier-to-signal-power (CSR) ratio and implement DSP at the transmitter and the receiver including equalization of the transmitter frequency response, non-linear compensation for the Mach-Zehnder modulator (MZM) transfer function, and chromatic dispersion (CD) pre-compensation.
The remainder of the paper is organized as follows: Section 2 provides a description of the Stokes vector transceiver. Section 3 discusses the experimental setup and the applied DSP functions. Section 4 presents the experimental results, and we finally conclude in Section 5.
Principle of Stokes vector transceiver
A schematic diagram of the Stokes vector transmission system is shown in Fig. 1 . The transmitter in Fig. 1(a) comprises a polarization beam splitter (PBS), one IQ modulator that performs complex modulation on the electric field of one of the two orthogonal states of polarization (SOP) originating from a single laser (X-polarization) denoted hereafter by
is then combined with the optical carrier (C) on the other SOP (Y-polarization) using a polarization beam combiner (PBC). It is noted that a SV-DD system shares identical transmitter architecture and almost similar receiver architecture with a self-homodyne coherent detection system that uses a polarization-multiplexed pilot carrier. However, by adding two single ended photodetectors, SVR does not require a polarization stabilizer to separate the pilot tone and the signal that is essential for a selfhomodyne coherent detection system [18, 19] .
The transmitted field can be equivalently represented in the Jones space
, where both representations can be related by
.
T denotes a vector transpose, the superscript '*' stands for the complex conjugate and Re and Im represent the real and imaginary parts of a complex number. Without loss of generality if we assume that 1 C = , we get
. This means that the valuable information is available on 
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can be measured using the direct detection system illustrated in Fig. 1(b) . A PBS is initially used to split the received signal into two orthogonal SOPs. Each SOP is further split using 67/33 polarization maintaining couplers. This coupling ratio ensures that the system performance is independent from the SOP of the signal before the PBS [6] . At the 33% output port of the couplers, S E E = − . At the 67% output ports of the coupler, the two orthogonal SOPs are introduced to a 90° optical hybrid after SOP alignment using a 90° polarization rotator on one branch. After balanced detection at the output of the hybrid, the beating provides the received Stokes parameters { } .
where 11 23 , , m m … are coefficients of the inverse rotation matrix that are found adaptively at the receiver via DSP, and are used to recover the Stokes parameters 2 t S and 3 t S which in turn fully describe the complex field of the modulated signal. Figure 2 shows the experimental setup deployed to demonstrate the performance of the SV transmission system. An AC-coupled 8-bit digital-to-analog converter (DAC) operating at 64 GSps generates two 1.2 V pp differential outputs. These two differential outputs are amplified with a linear amplifier. The linear driver produces two 5 V pp single-ended signals that drive one half of the DP-IQM. This represents the complex modulation on the X-Pol of the DP-IQM. The InP DP-IQM, has a 35 GHz 3-dB bandwidth, less than 10 dB of insertion loss, a V π of 2.5V, and less than 5 ps skew between both polarization paths [20] . To control the carrier power on Y-pol relative to the fixed modulated signal power on the X-pol, the MZM on the Q component of Y-pol is biased at null and the bias for the MZM on the I component of Y-pol is swept to produce the desired CSR. The optical source is a 100 kHz linewidth external cavity laser (ECL) operating at 1550.12 nm with 15.5 dBm optical power. Before transmission, the optical signal is amplified using a booster EDFA to compensate for subsequent switches and couplers loss used in the recirculating loop and to enhance the signal power level for better optical signal to noise ratio during transmission. The optimization of the total launched signal power depends on the optimization of the CSR and launching sufficient power for the modulated signal on the X polarization according to the used modulation format to have the required OSNR for the achieved reach. This dependency on CSR value is because of the booster which has a fixed output power of 23 dBm, so the increase in the CSR value is accompanied by a decrease in the modulated signal power on the X polarization. Thus, the launched signal power is optimized using a variable optical attenuator (VOA) along with the CSR for different modulation formats by minimizing the bit error rate at the maximum reach according to the used modulation format. The signal is then transmitted into a four-span optical recirculating loop. Each span comprises 80 km of SMF28e + followed by an in-line erbium-doped fiber amplifier (EDFA) with 5 dB noise figure. A tunable optical filter is used after the second span with its center wavelength set to 1550.12 nm and bandwidth set to 2 nm.
Experimental setup and DSP stack

Experimental setup
The output signal from the re-circulating loop is connected to a 0.8 nm filter followed by a pre-amplifier and a second VOA. The optimum received power, as determined experimentally, is 16.6 dBm. This high required received optical power along with the use of 90/10 coupler instead of 67/33 coupler are needed to compensate for the large insertion loss of all passive discrete optical components that are connected on the optical bench to realize the middle section of a SVR. In particular, the use of a 2 × 8 dual polarization optical hybrid, which has a theoretical insertion loss of 9 dB, instead of a 2 × 4 single polarization hybrid to realize a SVR (see Fig. 1(b) ) accounts for an additional 3 dB insertion loss that could have been avoided if a single polarization device is available for the experiment To operate only one half, i.e. one polarization, of the dual polarization hybrid, two polarization controllers (PC 1 and PC 2 in Fig. 2(b) ) at its inputs are adjusted such that the two input fields beat in one half of the device. At the input of the SVR, a PBS initially splits the incoming signal into two received orthogonal polarizations. Each polarization is then split using a 90/10 polarization maintaining coupler where the 10% port is connected directly to a single-ended photodetector to detect the intensity on each received polarization. The 90% ports are connected to the hybrid, with one of its inputs rotated by 90° as shown in Fig. 1(b) . A variable optical delay line (VODL) is used to match the optical delay between the two polarization tributaries of the signal before entering the optical hybrid to have correct signal beating. The optical hybrid is followed by balanced detection which provides the received Stokes parameters. The direct detection terms and the Stokes parameters are then sampled for offline signal processing using a real time oscilloscope (RTO) having four synchronized channels each is running at sampling rate of 80 GSps and having an analog bandwidth of 33 GHz. Figure 3 illustrates the DSP stack used at the transmitter and receiver. The offline transmitter DSP (Tx-DSP), shown in Fig. 3(a) , starts with the N-QAM symbol generation. Next, the generated symbols are pulse shaped using a raised-cosine (RC) filter having a roll-off factor of 0.1 at two samples per symbol. Afterwards, the signal is pre-distorted for chromatic dispersion (CD) pre-compensation depending on the propagation distance and fiber type. The chromatic dispersion is fully pre-compensated at the transmitter side which allows combining the polarization tracking and receiver equalizer in one DSP block.
DSP stack
In this two-dimensional SV-DD system with complex modulation, CD can also be compensated at the receiver, either before or after the MIMO filter. Applying the CD postcompensation can be done perfectly when the state of polarization (SOP) of the input signal is adjusted such that the transmitted carrier is on one input port of the hybrid and the modulated complex signal is on the other port. However, when the SOP is random, severe penalties arise when attempting to do CD post-compensation in the presence of the two power terms S received Stokes parameters. This prevents CD postcompensation before polarization tracking or at least will affect the performance considerably. Another method is to do CD-post-compensation after the MIMO filter which performs polarization tracking. This method, however, requires the use of slow training symbols to obtain the Stokes vector MIMO de-rotation matrix prior to doing CD postcompensation, as was done in [5] .
After CD pre-compensation, the I and Q streams of the N-QAM symbols are re-sampled to 64 GSps to match the sampling rate of the subsequent DAC as shown in Fig. 3(a) . The inverse of the non-linear transfer function of the MZM is then applied to the resampled symbols such that the constellation points are equally spaced after optical modulation. Afterwards, an experimentally optimized FIR filter is used to equalize for the frequency response of the transmitter components including the DAC, the linear driver, and the InP DP-IQM. Finally, the equalized samples are quantized to 256 levels and uploaded to the memory of the 8-bit DAC.
The offline receiver DSP (Rx-DSP) starts by re-sampling the captured patterns from 80 GSps to twice the symbol rate because all Rx-DSP operates at two samples per symbol. After re-sampling, a timing recovery to select the appropriate sampling instance is performed using the same algorithm as in [20] . After constructing the 1 r S parameter from the two direct detection terms ( 2 r X E and 2 r Y E ), the 3 × 2 real valued MIMO adaptive filtering is used for two roles: (i) it tracks the polarization rotation and inverts it according to Eq. (1) to recover the transmitted Stokes parameters 2 t S and 3 t S and (ii) it equalizes for any residual intersymbol interference (ISI). In the 3 × 2 MIMO, training symbol least mean squares (TS-LMS) algorithm is used initially to track the polarization rotation and determine the adaptive filter tap coefficients. After the training symbols, decision directed LMS (DD-LMS) replaces TS-LMS where symbol decisions in the steady-state operation are used to slowly adapt the taps of the 3 × 2 MIMO. Finally, the received symbols are de-mapped into bits for BER counting. The BER counting is done over 13,762,560 bits, 10,321,920 bits, and 6,881,280 bits, in case of 16-QAM, 8-QAM and QPSK, respectively. Fig. 4 . BER versus transmission distance at the optimum CSR and the optimum launch power for QPSK, 16-QAM and 8-QAM modulation formats at 56 Gbaud using SV-DD. Figure 4 shows the BER versus transmitted distance for a 56 Gbaud signal at optimum CSR values for QPSK, 8-QAM and 16-QAM formats. The optimum launch power, which is experimentally found, is 5 dBm for QPSK and 6 dBm for 8-QAM and 16-QAM. At the optimum launch power and CSR values, we achieve the following three key transmission results with BER below the HD-FEC threshold using the SV-DD: i) 320 km with 224 Gbps 16-QAM, ii) over 1000 km with 168 Gbps 8-QAM, and iii) 2880 km with 112 Gbps QPSK.
Results
Next, Fig. 5 shows the CSR optimization results for all three modulation formats. More specifically, it depicts the BER versus CSR at the maximum reach where BER hits the HD-FEC threshold for a given format. The CSR measurement is done by measuring the output power from the modulator before and after loading the waveforms into the DAC for each format with corresponding CD pre-compensation. The measured output power from the modulator gives either: a) the carrier power going through the Y polarization of the DP-IQ modulator when the modulating RF waveforms of the X-polarization are zero, b) the total power for the signal and carrier when the modulating RF waveforms are loaded into the DAC. In this SV-DD configuration, the carrier on Y polarization is the phase diversity reference for the modulated signal on the X polarization, which is equivalent to the role of the local oscillator (LO) in a coherent system. Thus, CSR is an important parameter to investigate, similar to LO-to-Signal-Power-Ratio (LSR) at the receiver in coherent transmission [21, 22] . From Fig. 5 , as the QAM order increases, the optimum CSR value decreases, giving more power on the "signal" polarization. This is because the total launch power from the booster for the modulated signal and the carrier is constant and increasing the QAM order, i.e. having a denser constellation, requires inherently larger OSNR for detecting the signal itself. This means that the required modulated signal launch power increases which results in a lower optimum CSR value. Finally, Table 1 compares system requirements (hardware and DSP functions) and achieved performance of this current work against several recent demonstrations of SV-DD systems targeting short reach and metro applications [6, 7, 10] as well as a comparison with a recent InP IQM enabled 400G coherent system demonstration for metro applications [20] for benchmarking purposes. Coherent systems enable modulation of four available dimensions for modulation, namely the amplitude and phase of the electric field on two orthogonal polarizations. However, it has the highest system complexity in terms of required DSP and transceiver components as indicated in Table 1 . On the other hand, though sharing the same capacity as SV-DD system, single polarization (SP) coherent transmission requires either a polarization stabilizer to align the randomly varying SOP in the fiber to that of the LO, or a polarization diversity configuration consisting of a 2 × 8 dual polarization hybrid and four BPDs [14] . In [6] , a dual polarization intensity modulation (DP-IM) system is demonstrated for short reach applications enabling two dimensional modulation (2D modulation) which doubles the number of bits per symbol compared to conventional IM/DD with one dimensional modulation. This approach is suitable for short reach applications where reach is less than 20 km and operating in the O-band is essential to avoid the effects of CD. In [10] , the authors used an OFDM modulation technique in SV-DD system where a single polarization IQ modulator (SP-IQM) is used on one polarization and the carrier is transmitted on the orthogonal polarization. Thus, CD post-compensation can be done in such a system after the polarization rotation is inverted following the method described in [5] which extends the reach of SV-DD systems. In our work, we use the same configuration in [10] (complex modulation on one polarization and carrier transmission on the other polarization), but instead we use single carrier modulation with CD pre-compensation at the transmitter replacing CD post-compensation. Our SV-DD scheme shows a significant reduction in terms of system complexity (hardware and DSP functions) compared to coherent systems while maintaining an almost similar performance of a SP coherent system. 
Conclusion
We demonstrated 100G and 200G Stokes-Vector transmission using an InP DP-IQM and a SVR DD on a single carrier using different modulation formats, namely QPSK, 8-QAM and 16-QAM. For 56 Gbaud 16-QAM signal, the total throughput-times-distance product is 71,680 Gbps.km at an optimized CSR value of 6 dB. For 56 Gbaud QPSK signal, the total throughput-times-distance product is 322,560 Gbps.km at an optimized CSR value of 8 dB.
These results show the viability of using SVR DD and small form factor integrated InP IQM to meet 100G and 200G transmission system requirements for metro applications.
